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Abstract
In a more general electroweak theory, there could be Higgs particles that are odd under
CP , and also Higgs-like particles which are not eigenstates of CP . We discuss distributions
which for the Bjorken process are sensitive to the CP parity. Correlations among momenta
of the initial electron and nal-state fermions yield this kind of information. We discuss
also observables which may demonstrate presence of CP violation and identify a phase shift
 which is a measure of the strength of CP violation in the Higgs-vector-vector coupling,
and which can be measured directly in the decay distribution. We present Monte Carlo
data on the expected eciency, and conclude that it is relatively easy to determine whether
the produced particle is even or odd under CP . However, observation of any CP violation
would require a very large amount of data.

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1 Introduction
One of the main purposes of accelerators being planned and built today, is to elucidate the
mechanism of mass generation. In the Standard Model mass is generated via an SU(2)
Higgs doublet, associated with the existence of a Higgs particle, whereas in more general
models there are typically several such Higgs elds, and also more physical particles.
Another fundamental issue is the origin of CP violation. While this question will
be studied in considerable detail at the SLAC B-Factory and at other dedicated B-physics
experiments, there is of course the possibility that CP violation may be related to the
Higgs sector, as rst suggested by Weinberg [1]. Therefore, when some Higgs candidate is
discovered, it will be important to determine it properties under CP .
In the context of Higgs production via the Bjorken mechanism [2], we shall here
consider how angular distributions may serve to disentangle a scalar Higgs candidate from
a pseudoscalar one. In trying to probe the uniqueness of the scalar character of the Higgs
boson as provided by the Standard Model, we have to confront its predictions with those
provided by possible extensions of the Standard Model. Next, by allowing for CP violation
in the Higgs sector, we briey discuss some possible signals of such eects. While the
Standard Model induces CP violation in the Higgs sector at the one-loop level provided
the Yukawa couplings contain both scalar and pseudoscalar components [3], we actually
have in mind an extended model, such as e.g., the two-Higgs-doublet model [4].
Below we postulate an eective Lagrangian which contains CP violation in the Higgs
sector. In cases considered in the literature, CP violation usually appears as a one-loop
eect. This is due to the fact that the CP -odd coupling introduced below is a higher-
dimensional operator and in renormalizable models these are induced only at loop level.
Consequently we expect the eects to be small and the conrmation of presence of CP
violation to be equally dicult. CP non-conservation has manifested itself so far only in
the neutral kaon system. In the context of the Standard Model this CP violation originates
from the Yukawa sector via the CKM matrix [5]. Although there may be several sources
of CP violation, including the mixing matrix, we will here consider a simple model where
the CP violation is restricted to the Higgs sector and in particular to the coupling between
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some Higgs boson and the vector bosons. Specically, by assuming that the coupling
between the Higgs boson H and the Z has both scalar and pseudoscalar components, the


























































H tree-level Standard Model coupling. The second term stems from the dimension-5














. The last term is CP odd and orig-






H. Simultaneous presence of CP -even
and CP -odd terms leads to CP violation, whereas presence of only the last term describes
a pseudoscalar coupling to the vector bosons. The higher-dimensional operators are ra-
diatively induced and we may therefore safely neglect the contribution from the second
term. This is due to the fact that CP -violating eects always arise from interferences
and since loops in the Standard Model are already suppressed, we conclude that only new
CP -violating eects that interfere with Standard Model tree amplitudes are potentially
signicant. The strength parameter  may in general be complex, with Im  describing
the absorptive part of the amplitude arising from nal-state interactions.
Related studies have been reported by [6, 7, 8, 9] in the context of how to discrim-
inate CP eigenstates. However it should be noted that our study takes advantage of the
azimuthal angular distributions similar to the correlations between decay planes involving
scalar and pseudoscalar Higgs bosons [10], including Monte Carlo data on the expected
eciency. In the context of CP violation, related studies have been reported by [7].
2 Distinguishing CP eigenstates
We compare here the production of a Standard-Model Higgs (h = H) with the production



















The couplings of H and A to the vector bosons are given by retaining only the rst and
last term in (1.1), respectively.
Let the momenta of the two nal-state fermions and the initial electron (in the
overall c.m. frame) dene two planes, and denote by  the angle between those two planes






both in the case of CP -even and CP -odd Higgs bosons.




. As a parameterization of
these, we dene the angles  by
g
V
 g cos; g
A
 g sin: (2.3)
In the present work, the only reference to these angles is through sin 2 (see table 1 of























); h = H;A; (2.4)
with
p






) denoting the Lorentz-invariant phase space.
Furthermore, N
1
is a colour factor, which is three for quarks, and one for leptons. The






































with sin 2 and sin 2
1































































































































denote the mass and total width of the Z boson, respectively.
We rst consider angular correlations of two planes, one spanned by the incident
electron momentum (p
1
) and that of the nal-state vector boson (Q), and the other one





















Integrating the Higgs production cross section (2.4) over the polar angle of the vector





























; h = H;A; (2.9)
































































  2 (xy + xz + yz) is the Kallen function. The term Z
2
of eq. (2.5) vanishes under the integration over the polar angle referred to above, and does
not contribute in eq. (2.10). It would contribute to the forward-backward (with respect to
the beam axis) asymmetry of the Higgs cross section.
A more inclusive distribution is obtained if we integrate over the invariant mass of








































We shall consider the case when the energy is large enough to allow both the Higgs and
the Z decaying to fermions to be on their mass shells. We may then use the narrow-width
























































, respectively. Therefore, the Standard-Model distribution (2.12) will
asymptotically become at, whereas the CP -odd distribution in eq. (2.13) is independent
of energy and Higgs mass. A representative set of angular distributions is given in g. 1








h for both LEP2 and higher energies, and for dierent Higgs
masses. (With  being dened as the angle between two oriented planes, it can take on
values 0    2.) Due to the sin 2-facors in eq. (2.14), = ' 0:1 for the case of
e.g. muons in the nal state. This explains why the cos contribution from eq. (2.12) is
strongly suppressed in g. 1. There is seen to be a clear dierence between the CP -even
and the CP -odd cases.
Experimentally, however, one faces the challenge of contrasting two angular distri-
butions with a restricted number of events and allowing also for background. We shall here




where the Higgs decays dominantly to b










! Z; . The cleanest channel for isolating the Higgs signal








decay modes of the Z boson.
Let us next limit consideration to the energy range
p
s = 300   500 GeV, as ap-
propriate for a linear collider [11], henceforth denoted NLC. We impose the reasonable















denotes the invariant mass of the muon pair and cos 
Z
is the angle between
p
1










b will then be larger










b by an order of magnitude. In the follow-





! ZH)  200 fb and an integrated luminosity of 20 fb
 1
a year [8], about 4000
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Higgs particles will be produced per year, in this intermediate mass range. However, fol-










b left per year for e.g. a
NLC operating at
p
























H. This contribution may be neglected at LEP
energies, but it is comparable to the s-channel contribution at higher energies. However,
this contribution can be suppressed by imposing a cut on the invariant mass of the nal-







j  6 GeV. Hence, we can eectively treat the electrons
on the same footing as the muons, thereby obtaining a doubling of the event rate.
Imposing the cut j cos 
Z
j  b, the predictions for the azimuthal correlations of
eqs. (2.12){(2.13) get modied. For the CP -even case we nd

b






























































; (1) = 1; (2.16)









In order to demonstrate the potential of the NLC for determining the CP of the
Higgs particle, we show in g. 2 the result of a Monte Carlo simulation. For this purpose
we have used PYTHIA [12], suitably modied to allow for the CP -odd case. The statistics
correspond to 3 years of running
1








decay modes of the Z
boson. This yields about 200 events in these channels. As already stated, the  in (2.14)
is small, and although the cut b = 0:6 makes  increase as shown in (2.15), the cos 
1
The event rate is based on the Standard Model, and could be dierent for a non-standard Higgs sector.
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term is still too small to show up in the Monte Carlo simulation. For
p
s = 300 GeV and
m
H
= 125 GeV, the `bare' prediction (2.14) for  is 0.12, but the cut b = 0:6 increases it
slightly to 0.14. Similarly, the `-1/4' of (2.13) changes signicantly to -0.39. Consequently,
the cut makes it easier to discriminate between the CP -even distribution and the CP -
odd one. From g. 2 we see that the individual angular Monte Carlo distributions are
consistent with the predictions, showing that a three-year data sample is large enough to
reproduce the azimuthal distributions. In the Standard-Model case the t gives 0:920:07
and 0:2 0:1 for the predictions 1.00 and 0.14, respectively, with 
2
= 1:0. In the CP -odd
case the t gives 0:940:07 and  0:40:1 for the predictions 1.00 and  0:39, respectively,
with 
2
= 0:7. More importantly, it is possible to verify the scalar nature of the Standard-
Model Higgs after about 3 years of running at the NLC since the coecient of the cos 2
term is more than 4 standard deviations away from the corresponding coecient for the
CP =  1 case. Using likelihood ratios, as described in [13], for choosing between the two
hypotheses of CP even and CP odd, we nd that less than 3 years of running suces if
we require a discrimination by four standard deviations.
An alternative test has recently been suggested by Arens et. al. [14] in the context of
Higgs decaying via vector bosons to four fermions, where one studies the energy spectrum
of one of the nal-state fermions. Applying this idea to the Bjorken process one would




. Introducing the scaled





s, l = ; e, we shall consider the energy distribution of the cross











































































). The range in x is given by x
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In this case there is a non-trivial dependence on the c.m. energy and the Higgs mass,









h for both LEP2 and NLC energies. There is seen to be a clear
dierence between the CP -even and the CP -odd cases. Before we turn to the Monte-Carlo
simulations, we shall impose the cut j cos 
Z
j  b, as in the case of angular correlations.






























































whereas the CP -odd distribution is independent of any cut in cos 
Z
. Of course the total
cross section scales with b.
In g. 4 we show the result of a Monte-Carlo simulation for the energy distribution
eq. (2.18) analogous to the one in g. 2. For
p
s = 300 GeV and m
H
= 125 GeV,
the coecients in (2.19) and (2.20) are 0:3; 1:3; 0:7 and 1:5; 2:1; 1:1, respectively, for
increasing powers of x. If we impose the cut j cos 
Z
j  0:6, the Standard-Model predictions
are changed to  0:003; 2:0; 1:1. Hence, as in the case of angular distributions, the cut
makes it easier to discriminate between the CP -even distribution and the CP -odd one. In
the Standard-Model case the t gives 1:7  0:2 and  0:9 0:1 for the predictions 2.0 and
 1:1, respectively, with 
2
= 1:0. Naturally, the t is not sensitive to the rst coecient.
In the CP -odd case the t gives 1:6  0:3,  2:2  0:7, and 1:1  0:4 for the predictions
1:5; 2:1 and 1.1, respectively, with 
2
= 0:6. Also in this case a three-year data sample
is enough to reproduce the predicted energy distributions. An analysis of the likelihood
ratios demonstrates that less than 3 years of running is sucient if we require the correct
answer with a discrimination by four standard deviations, but more events seem to be
required than in the case of angular distributions.
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3 CP violation
As previously mentioned, if we allow for both the Standard-Model and the CP -odd term
in the Higgs-vector coupling (1.1), then there will be CP violation. This situation will be
discussed here. It is similar to the case of Higgs decay discussed elsewhere [15]. We discard
the higher-dimensional CP -even term for the reasons stated in the Introduction.
































































































































































of eq. (3.1), like Z
2
of eq. (2.5), vanishes under integration over the polar
angle.












































cos 2( + )






















with a modulation function
 =
q
























;  =2 <  < =2; (3.6)
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describing the relative shift in the angular distribution of the two planes, due to CP
violation. This rotation vanishes at the threshold for producing a real vector boson (where
 = 0) and, even for a xed value of Re , grows with energy (because of the
p
-factor).
As discussed in the Introduction, the contribution from terms of order (Im )
2
may safely
be neglected. However, the compact result (3.4) is valid for any Re . We will comment
on how to probe Im  later.












This result (3.4) is completely analogous to the one encountered for the decay of Higgs
particles, eq. (12) of [15], if we interchange  and    .
Above threshold for producing a real vector meson accompanying the Higgs particle,
we may integrate over s
1
in the narrow-width approximation. Imposing the cut j cos 
Z
j  b,







= 1 + 
b 0
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Any CP violation would thus show up as a \tilt" in the azimuthal distribution, by
















(s;m) sin 2 (3.10)
along the lines suggested in [15].
A representative set of angular distributions is given in g. 5 for a broad range





-pair in the nal state, produced at
p







5, the deviations from the CP -even and CP -odd distributions, respectively,
are small. Experimentally it will be very dicult to disentangle two distributions which
dier by such a small phase shift. This should be compared with the situation in g. 1 and
g. 2.
We note that the special cases  = 0 and jj  1 correspond to the CP even and
CP odd eigenstates, respectively. Hence, the distribution (3.8) should be interpreted as
being intermediate between those for the two eigenstates; see g.5.
In order to see how one can extract the dependence on the term proportional to
Im , let us now turn to a discussion of energy asymmetries. We multiply the dierential









two nal fermions before integrating over energies. This energy-weighted dierential cross


























































since, in this case, only the W
2
-term in (3.1) gives a non-vanishing contribution. The
energy-weighted dierential cross section makes no reference neither to the CP -even nor
to the CP -odd results, but is proportional to Im  which describes the absorptive part of
the amplitude. A study of the above asymmetry thus allows us to probe for nal state
interactions and CP violation in the Bjorken process.
4 Summary and concluding remarks
We have addressed the problem of estimating the amount of data needed in order to
distinguish a scalar Higgs from a pseudoscalar one at a future linear collider. We have
argued that this is most likely not possible at LEP2. However, we have demonstrated
that one will be able to establish the scalar nature of the Higgs boson at the Next Linear
Collider from an analysis of angular and energy correlations. This study has been carried
12
out for the case
p
s = 300 GeV, m = 125 GeV. Similar results are expected in other cases
as long as the background is small. In cases where the background can not be signicantly
suppressed a more dedicated study would be required.
In order to establish or rule out specic models, one will also need to compare
dierent branching ratios, in particular to fermionic nal states. The methods proposed
above instead deal with quite general properties of the models.
It is a pleasure to thank Anne Grete Frodesen, Per Steinar Iversen, Conrad Newton
and Torbjorn Sjostrand for helpful discussions. This research has been supported by the
Research Council of Norway.
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Figure captions
Fig. 1. Angular distributions of the planes dened by incoming e
 
and nal-state fermi-
ons for a CP -even Higgs particle (solid) compared with the corresponding distri-
bution for a CP -odd one (dashed). Dierent energies and masses are considered
in the CP -even case. We assume
p
s = 200 and 500 GeV at LEP2 and NLC,
respectively. The considered values of the Higgs mass at the LEP2 are 70 and
100 GeV, and at the NLC 125 and 200 GeV. In the CP -odd case there is no
dependence neither on energy nor on Higgs mass











b, l = ; e for a Standard-Model Higgs versus a CP-odd one. We have taken
p
s = 300 GeV, m = 125 GeV, and an angular cut j cos j  b = 0:6.
Fig. 3. Characteristic distributions for the scaled energy of the l
 









h. Dierent energies and masses are considered.











b, l = ; e for a Standard-Model Higgs versus a CP-odd one. We
have taken
p
s = 300 GeV and m = 125 GeV.
Fig. 5. Characteristic angular distributions for dierent amounts of CP violation, in-
cluding the CP -even ( = 0) and CP -odd (jj  1) eigenstates. We have used
Re  = 0:1; 0:5; 5 for
p
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